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(57) ABSTRACT

The invention relates to a method for locating at least two
sources emitting electromagnetic pulses in an environment
comprising two reflectors.
The method comprises receiving, by a detector, for each
source to be located, at least one same emitted pulse,
received directly from said source and received by reflection
on one of the reflectors.
The method further comprises:
identification of the pulses received directly and the
pulses received by reflection,
grouping by pairs of pulses received directly with pulses
received by reflection,
calculating, for each pair, the difference between the date
of arrival of the pulse received by reflection relative to
the date of arrival of the pulse received directly, and
determining the distance of each source from the detector
from calculated differences in dates of arrival.
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1
METHOD FOR LOCATING
ELECTROMAGNETIC PULSE EMISSION
SOURCES IN AN ENVIRONMENT
INCLUDING REFLECTORS

The present invention relates to a method for locating at
least two sources emitting electromagnetic pulses in an
environment, the environment comprising at least two
reflectors, the method comprising the following steps:

receiving, by a detector, for each source to be located, for
an operating duration of the detector, at least one same
emitted pulse, received on the one hand directly from said
source and received on the other hand by reflection on one
of the reflectors,

measuring the arrival direction, the arrival date and at
least one invariant characteristic of each received pulse.

The location of a source consists of determining the
direction and distance of the source relative to a reference
point. Such a location is generally based on a multi-offset
principle consisting of observing the source from different
angles.

To locate a source, one known method, using the principle
of triangulation, consists of measuring the direction of
arrival of the pulses emitted by the source using several
detectors, delocalized from one another. Triangulation is a
technique making it possible to determine the position of a
point by measuring the angles between this point and other
reference points whose position is known.

However, such a method requires using a network of
detectors, and therefore necessarily a coordination system
for the detectors of the network, which, aside from the cost
related to the number of detectors, rules out the possibility
of working with a single detector.

A location method has also been developed consisting of
arranging a single detector on a carrier having a relatively
high movement speed with respect to the source to be
located. Such a relative movement makes it possible to
obtain a set of arrival directions over time, the meeting point
of which is where the source is located.

However, obtaining a relative movement requires a par-
ticularly swift carrier relative to the sources to be located,
which makes the method unsuitable in the case of a moving
source.

Another known method is based on measuring differences
in passage times of antenna beams (DPTAB).

Nevertheless, such measurements assume knowledge of
the rotation speed of the antenna beam and therefore the
performance of circular sweeping, which involves a rela-
tively slow acquisition.

It is also known to use the time difference of arrival
(abbreviated TDOA) of a same signal arriving at two dif-
ferent reception points to locate a source. Such a time
difference makes it possible to determine the geometric
place where the source is located.

However, here again, at least two detectors are necessary,
which rules out the possibility of working with a single
detector.

Methods combining TDOA and DPTAB measurements
from a single detector are also known.

Conversely, as previously explained, DPTAB measure-
ments require circular sweeping, which is both slow and
uncertain.

There is therefore a need for a method for locating sources
from a single detector that is quasi-static relative to the
sources to be located.
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2

To that end, the invention relates to a location method of
the aforementioned type, wherein the method further com-
prises the following steps:

identification, among the received pulses, of the pulses
received directly and the pulses received by reflection,

grouping by pairs of pulses received directly with pulses
received by reflection, the pulses of each pair having the
same invariant characteristics and different directions of
arrival,

calculating, for each pair, the difference between the date
of arrival of the pulse received by reflection relative to the
date of arrival of the pulse received directly, and

determining the distance of each source from the detector
from calculated differences in dates of arrival and from the
directions of arrival of the pulses of each pair.

According to specific embodiments, the location method
comprises one or more of the following features, considered
alone or according to any technically possible combinations:

the operating duration is made up of time brackets with
identical durations, the method comprising defining a sliding
duration at least equal to the duration of a time bracket, the
identification and grouping steps being carried out over a
sliding duration, the pulses of each pair belonging to a same
time bracket.

the method further comprises, for each time bracket, a
step for sorting the received pulses based on the direction of
arrival and on the invariant characteristics of each pulse to
obtain sub-series of pulses, the pulses of each sub-series
having equal directions of arrival and equal invariant char-
acteristics, the pulses of each sub-series being grouped
together in a same pair during the grouping step.

the measuring step further comprises the determination,
on the successive sub-series of each sliding duration, of the
maximum power from among the powers of the pulses of the
sub-series having equal directions of arrival, equal invariant
characteristics and belonging to a same sliding duration, the
pulses received directly and the pulses received by reflection
being identified, for each sub-series of pulses, by comparing
the maximum power determined for said sub-series to at
least two thresholds.

the pulses of the sub-series associated with said maximum
power are identified as received directly when the maximum
power is greater than or equal to a first threshold and the
pulses of the sub-series associated with said maximum
power are identified as received by reflection when the
maximum power is strictly below a second threshold, the
second threshold being less than or equal to the first thresh-
old.

the determination step comprises gathering pairs over
predetermined durations to form groups of two pairs, three
pairs or four pairs, the number of pairs per group being equal
to the number of different directions of arrival corresponding
to the pulses received over the predetermined duration, the
distance from each source to the detector being determined
from differences in dates of arrival calculated for the pairs of
each group and directions arrival of the pulses of the pairs
of each group,

each group of two pairs comprising:

a first pair of pulses of invariant characteristics equal to a
first invariant characteristic, of different directions of
arrival, and

a second pair of pulses of invariant characteristics equal
to a second invariant characteristic and with same
different directions of arrival,

each group of three pairs comprising:

a first pair of pulses of invariant characteristics equal to a
first invariant characteristic, with directions of arrival
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respectively equal to a first and second direction of
arrival different from one another,

a second pair of pulses of invariant characteristics equal
to the first invariant characteristic, with directions of
arrival respectively equal to the first and a third direc-
tion of arrival, the third direction of arrival being
different from the first and second directions of arrival,
and

a third pair of pulses of invariant characteristics equal to
a second invariant characteristic different from the first
invariant characteristic, with directions of arrival
respectively equal to the second and third directions of
arrival,

each group of four pairs comprising:

a first pair of pulses of invariant characteristics equal to a
first invariant characteristic, with directions of arrival
respectively equal to a first and second direction of
arrival different from one another,

a second pair of pulses of invariant characteristics equal
to the first invariant characteristic, with directions of
arrival respectively equal to the first and a third direc-
tion of arrival, the third direction of arrival being
different from the first and second directions of arrival,

a third pair of pulses of invariant characteristics equal to
a second invariant characteristic different from the first
invariant characteristic, with directions of arrival
respectively equal to the third and a fourth direction of
arrival, the fourth direction of arrival being different
from the first, second and third directions of arrival, and

a fourth pair of pulses of invariant characteristics equal to
the second invariant characteristic, with directions of
arrival respectively equal to the third and fourth direc-
tions of arrival.

each group makes it possible to determine the respective

distances of two of the sources to be located from the
detector, said distances being calculated:

for each group of two pairs of pulses, from the following

equations:
2
. AL g +28g
724y, +2d0(1 = cosla,s, )
2
A} g, + 28,5,

dy =

2A52,E1 +2d;(1 —cos(ag,s,))

for each group of three pairs of pulses, from the following

equations:
2 2
AL g+ 20 g AL g +28g

2A51’El +2di (1 - cos(ag;s, ) - ZASIIEZ +2d>(1 —cos(ag,s, )

2
b A% g, + 2syp-di
2= 28y, +24(1 = cos(az;5,))
or
2
g = A5 g, T 258
T 0Ay g, + 2 (1 —coslazys )
2 2
A2+ A +08gp h

28, r, + 241 (1 - cos(ag, 5,) = 28,1k, + 2051~ coslarys, )
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for each group of four pairs of pulses, from the following
equations:
2 2
AL g, + 28, AL g, +28g 5,

ZASIIEI +2di (1 - cos(ag;s,)) - ZASIIEZ +2db(1 — cos(ag,s, )

2 2
ASZIEI ASZIEZ

ZASZIEI +2d;(1 - cos(ags,)) B 2A52’52 +2dy(1 — cos(ag,s, )

+2Ag p +2Ag 5,

Where

Az =C Tsypp Dsyr,=C Tsymy Bsyp,=C Tsypy Asym=C
TsyE,»

d, is the distance from the first source E, to the detector,

d, is the distance from the second source E, to the
detector,

c is the propagation speed of the electromagnetic waves,

Ts,g, the difference in date of arrival among the pulses
received by reflection on a first reflector relative to the
pulses received directly from the first source,

Ts,z, 15 the difference in date of arrival among the pulses
received by reflection on a second reflector relative to
the pulses received directly from the second source,

Ts,z, 15 the difference in date of arrival among the pulses
received by reflection on the first reflector relative to
the pulses received directly from the second source,

Ts,/z, is the difference in date of arrival among the pulses
received by reflection on the second reflector relative to
the pulses received directly from the first source,

Og,s, is the angular deviation between the second source
and the second reflector seen from the detector,

0Oy, s, is the angular deviation between the first source and
the first reflector seen from the detector,

O4,s, 1s the angular deviation between the second source
and the first reflector seen from the detector, and

Oz,s, 1s the angular deviation between the second source
and the first reflector seen from the detector.

the determination step comprises calculating a histogram,
for each pair, from differences in dates of arrival calculated
for said pair and determining a main lag of the pulses
received by reflection relative to the pulses received directly
from the calculated histogram, the differences in date of
arrival of the preceding equations respectively being equal
to one of the determined main lags.

the invariant characteristics of each pulse comprise at
least one of the features from among: the width of the pulse,
the carrier frequency of the pulse and the intentional intra-
pulse modulation.

The invention also relates to a location detector for at least
two electromagnetic pulse emission sources in an environ-
ment, the environment comprising at least two reflectors, the
detector being able to carry out the steps of the method as
defined above.

Other features and advantages of the invention will appear
upon reading the following description of embodiments of
the invention, solely as an example and done in reference to
the drawings, which are:

FIG. 1, a schematic view of one example of a source to be
located, a reflector and a detector configured to locate the
source,

FIG. 2, a schematic view of an example of a first con-
figuration of two sources to be located and two reflectors,
each source being co-located with a reflector,

FIG. 3, a schematic view of an example of a second
configuration of two sources to be located and two reflectors,
one of the sources being co-located with a reflector,
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FIG. 4, a schematic view of another example of a second
configuration of two sources to be located and two reflectors,

FIG. 5, a schematic view of an example of a third
configuration of two sources to be located and two reflectors,
the sources not being co-located with the reflectors,

FIG. 6, a schematic and functional view of the detector of
FIG. 1, and

FIG. 7, a flowchart of one example implementation of a
method for locating sources.

One general principle for implementing the invention is
described hereinafter, based on FIG. 1.

FIG. 1 illustrates an emission source E,, a reflector S, and
a detector R, forming the three points of a bistatic triangle
E,RS,. The distance ER between the source E, and the
detector R is denoted d, in FIG. 1 and in the rest of the
description.

Each emission source E, is for example a radar emission
source, i.e., a modulated electromagnetic emission source,
and more particularly pulse-modulated. Each source E, is for
example arranged at sea on ships delocalized from one
another.

One aim of the invention is to locate said sources E, using
a single radar detector R placed at a distance from the
sources E,, as illustrated by FIG. 1.

The radar detector R receives the signal X corresponding
to the pulse emitted by the source E, diréctly, ie., after
having traveled the path E,R. This signal is characterized by
characteristics a., a date of arrival t; and a direction of
arrival 0 measured by the detector R.

The radar detector R also receives the signal X, /g, COITe-
sponding to the same pulse emitted by the source E, and
reflected on the reflector S,, i.e., after having traveled the
path E,S,+S,R. This signal is characterized by characteris-
tics ag, 5, a date of arrival tg,» and a direction of arrival 6,
measured by the detector R.

Thus, for the source E, and the reflector S,, the detector R
receives the two signals: Xz (ag, 0z, tz) and X5z (@p,z,
tsyz, es,)

From the signals xz (az, 0z, tz) and Xs z (a5, sz, 05
the detector R deduces the difference in time of arrival T, ..
and the difference in direction of arrival oz, between the
pulse received directly and the pulse received by reflection
from a same emission, or therefore: T z=ts z~tz and
Og,5, 0505,

The difference in paths E,S;+S,R~d,=c. T5 £ is called the
associated bistatic distance and is denoted Ag z. Such an
expression makes it possible to obtain the following expres-
sion of the distance E,S, between the source E, and the
reflector S,:

ESi=Asyedi=SiR (€9

The application of the cosine theorem to the triangle
E,RS, makes it possible to write the following equation:

ES?=SR>+d?-2d:SiR" cos(Qgs,) )

By eliminating the term E,S, from expressions (1) and (2),
the following expression of the distance S,R between the
reflector S, and the detector R is obtained:

©)

2 .
AL g+ 2

SeR =
T DA, + 20— cos(ags, )

If a single detector R is used, the resolution of the
localization problem from direction of arrival and time of
arrival measurements is based on the fact that the studied
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6

zone comprises at least two sources E, not colocalized with
one another, E, and E,, and two reflectors S, also not
colocalized with one another, S; and S,. One or several
colocalizations of a source E, with a reflector S, are, how-
ever, acceptable. Two elements are considered to be “colo-
calized” when they are combined.

From two sources and two reflectors, there are therefore
four possible configurations. These configurations are illus-
trated by FIGS. 2 to 5.

In particular, FIG. 2 illustrates a first configuration in
which the two sources are not colocalized and each source
is colocalized with a reflector. The first configuration of FIG.
2 comprises two non-degenerated bistatic triangles E,RS,
and E,RS, and two degenerated bistatic triangles E, RS, and
E,RS,. A triangle is said to be degenerated when it can be
summarized by one segment.

FIGS. 3 and 4 each illustrate a second configuration in
which the two sources are not colocalized with one another
and a single source is colocalized with a reflector. The
second configuration of FIG. 3 comprises three non-degen-
erated bistatic triangles E,RS,, E;RS, and E,RS; and one
degenerated bistatic triangle E,RS,. The second configura-
tion of FIG. 4 comprises three non-degenerated bistatic
triangles E,RS,, E;RS, and E,RS, and one degenerated
bistatic triangle E RS, .

FIG. 5 illustrates a third configuration in which the
sources and the reflectors are not colocalized with one
another. The third configuration of FIG. 5 comprises four
non-degenerated bistatic triangles E RS, E,RS,, E|RS, and
E,RS,.

The application of relationship (3) to each possible
bistatic triangle provides four expressions:

Triangle CsRe A§1,El +20¢ 1 i 4.1

ELRS) T DA g, +2d1(1 - cos(ag s, )

Triangle or A§2,El +20p i 4.2)
= =

ERS; 0T 2Ag,p + 2411 —cos(ag,5,)

Triangle . B A§1152 +28¢ 5 4.3)

E>RS, T DA g, + 25 (1 - cos(agys, )

Triangle A§‘21E2 + 28,1, “4)
= S5R=

E>RS» ZASZIEZ +2dy(1 —cos(ag,s, )

Expressions (4.1) to (4.4) only have a complete meaning
for the third configuration. Indeed, the expressions relative
to the degenerated bistatic triangles are meaningless due to
the nil values corresponding to the measurements of the
bistatic distance A, and the difference in angle of arrival
between the source and the reflector 0.

In the case of the third configuration, the equality of
expressions (4.1) and (4.3) and that of expressions (4.2) and
(4.4), makes it possible to obtain the following equations:

AS g, + 285, 6.0

SR = =
T DA g, +2d1(T —cos(ag s, )

2
AL g+ 20

and
ZASIIEZ +2dy(1 — cos(ag,s, )
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-continued
SR = (5.2)
2 2
Blug +WBsyrdi AL +2Ag .

2A52,E1 +2d;(1 - cos(ag,s,)) - 2A52,E2 +2dy(1 — cos(ag,s, )
Where
Asyg=C Tsyzp Moy, =C sy Dsyr,~C: Tsymy Asyz,~C-

TsyEp

d, is'the distance from the first source E, to the detector
Rs

d, is the distance from the second source E, to the detector
Rs

c is the propagation speed of the electromagnetic waves,

Ts,/z, 18 the difference in date of arrival among the pulses
received by reflection on a first reflector relative to the
pulses received directly from the first source,

Ts,/5, 18 the difference in date of arrival among the pulses
received by reflection on a second reflector relative to
the pulses received directly from the second source,

Ts,/z, 18 the difference in date of arrival among the pulses
received by reflection on the first reflector relative to
the pulses received directly from the second source,

Ts,/z, 18 the difference in date of arrival among the pulses
received by reflection on the second reflector relative to
the pulses received directly from the first source,

O4,s, 1s the angular deviation between the second source
and the second reflector seen from the detector,

0Oy s, 18 the angular deviation between the first source and
the first reflector seen from the detector,

O4,s, 1s the angular deviation between the second source
and the first reflector seen from the detector, and

Og,s, 1s the angular deviation between the second source
and the first reflector seen from the detector.

Expressions (5.1) and (5.2) make it possible to obtain a

system of two equations of the following type:

{ biy +big.dy +bis.dy + bradydy = 0 ©)

b21 + b22-d1 + b23.d2 + b24.d1.d2 =0

In the case of the second configuration of FIG. 3, the
preceding expression (5.1) is still valid, but not expression
(5.2), since expression (4.4) is meaningless. However, one
may note that expression (4.2) is then that of d,, which
makes it possible to write:

A g, + 285, M

d=5R=
2792 28y, +2di (1= cos(ag;s,))

Expressions (5.1) and (7) then make it possible to find
system of equations (6).

By symmetry, the second configuration of FIG. 4 arrives
at the same system of equations (6).

In the case of the first configuration, expressions (5.1) and
(5.2) are not valid because expressions (4.1) and (4.4) are
meaningless. However, one may note that expression (7) is
applicable and that expression (4.3) is then that of d,, which
makes it possible to write:

AL g +28g ®

dy =S5 R=
PO DA, + 2001 - cos(agys,)
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Expressions (7) and (8) then make it possible to find
system of equations (6) again.

A single system of equations (6) therefore makes it
possible to extract the unknowns d,; and d,, only the coef-
ficients b,; being different from one configuration to the
other.

A single processing operation to solve system of equa-
tions (6) is therefore carried out by the detector R with
coeflicients b,; depending on configurations found upon the
detection.

The coeflicients of system (6) are expressed below as a
function of the different configurations:

For the first configuration illustrated in FIG. 2:

2
bi=a2 ©.1)
b1y = _ZASIIEZ

bis =244 1k,

bia = =2(1 —cos(ag,s, )

and
by = —A§2,El 9.2)
by = 28¢5,
bys = ZASZIEI
byy = 2(1 —cos(ag,s,))

For the second configuration illustrated in FIG. 3:

by =2 ASIIEI 'ASIIEZ (ASIIEI _ASIIEZ) .3
b2 =2 Ag 5, (285 5, — A5, (1 — costazys, )
biz =2 Ag /g (_ZASIIEZ +Ag g (1= cos(@g,s,)))
by =4 ASIIEI (1- cos(ozEzS1 n- 4A51,E2 (1- cos(ozElS1 b))

and

2
by = _ASZIEI 9.2)
by = 28¢5,
by = ZA52/51
byy = 2(1 —cos(ag,s,))
For the second configuration illustrated in FIG. 4:
2

b =A% 0 ©.1)
biy = =2 15,
bys = ZASIIEZ
bia = =2(1 —cos(ag,s, )

and
by =2 ASZIEI 'ASZIEZ (ASZIEI _ASZIEZ) (C

by =2 Agp (28 15 = Ag g, (1 - cos(ag;s,))
bas =2 Ag g (<2455, + Az, (1 - coslag,s, )

by =4 ASZIEI (1- cos(ozEzg2 n- 4A52,E2 (1- cos(ozElgz))
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For the third configuration illustrated in FIG. 5:

by =2 ASIIEI 'ASIIEZ(ASIIEI _ASIIEZ) 9.3)
bia =2 Ag g, (ZASI,EI — gy, (L= cos(ag;s, )
bis =2 Ag g, (=245 5, +Ag, s, (1 — coslar,s, )
by =4 ASl’El (1- cos(@g,s, ) —4A51,E2(1 —cos{ags, )
and
by =2 Ag g Ag ik, (ASZ/E1 - A52/52) ©4

by =2 Ag, g, (ZASZIEI —AgE,(1- COS(D‘ElSz)))
b3 =2 Ag, g, (_ZASZIEZ +Ag, g, (1 - coslag,s, ))

by =4 ASZIEI (1- cos(@E,s, ) —4A52,E2(1 —cos(ag,s,))

From the first equation of system (6), it is for example
possible to express, d, as a function of d,:

_ by + bis.dy
b1y + biy.da

(10)
1

Expression (10) introduced into the second equation of
system (6) results in a second-degree equation in d,, solved
by the detector R:

Ad?+Bdy+C=0

Where:

A=b,3'byy=b,, by,

B=b,'by4=b5by3+by3by5-b14by;, and

C=b,;'by=b,3b),

The solution of equation (11) is the only positive square
root, or:

an

-B+ VBT —4AC 12
_— >

dr =
2 24

0

The distance d, from the first source to the detector R is
calculated by the detector R from expression (10) and the
value of d, previously found.

Relationships (4.2) and (4.3) make it possible to calculate
the distances from each reflector to the detector S;R and S,R
for measured values of Ag,, and oz g, and from calculated
values of d; and d,.

Thus, the sources E, and E, and the reflectors S, and S,
have indeed been located in polar coordinates, respectively
(d;, Oz), (dy, O), (51R, O5) and (S5R, O5).

The detector R for locating sources E, emitting electro-
magnetic pulses, working on the principle previously
described, is functionally illustrated by FIG. 6.

The detector R is a radar detector.

The detector R is quasi-static relative to the sources E, to
be located, i.e., the detector R has, at most, a relatively low
speed relative to the sources E, to be located, such that the
geometric evolutions, relative to the bistatic triangles E; RS,
E,RS,. E,RS, and E, RS, are inferior enough to the desired
precision not to affect it.

The detector R comprises a receiving module 12 and a
computer 14.

The receiving module 12 comprises an array of goniom-
etry antennas forming a single detector considered to be
periodic, a set of reception chains associated with the
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antenna array and processing functions making it possible to
measure characteristics of the received pulses.

The characteristics of the pulses measured by the receiv-
ing module 12 are for example the direction of arrival of the
pulses, the carrier frequency of the pulses, the width of the
pulses, the date of arrival of the pulses, the intentional
modulation on pulse, or the power of the pulses.

The computer 14 interacts with the receiving module 12.

The computer 14 for example comprises a processor, a
memory and a data processing unit. The data processing unit
is configured to carry out, in interaction with a computer
program product, able to be loaded in the data processing
unit, a location method that will be described in more detail
in the rest of the description.

An example of operation of the detector R is now
described in reference to FIG. 7, which schematically shows
a flowchart of the implementation of a method for locating
sources E,, . . ., E,, emitting electromagnetic pulses.

In the rest of the description, the term “equal” means
“equal to within an allowance”. The selected allowance is
related to the measuring precisions, the measuring signal-
to-noise ratio and the frequency of the signals received on
the detector R. The chosen allowance is for example =5
percent (%).

For each source E, to be located, the determination
method initially comprises a step 100 for reception by the
detector R of at least one emitted pulse, on the one hand
received directly, i.e., along the path going directly from the
source E, to the detector R, and on the other hand received
in its reflected form, i.e., after reflection on a reflector S,.
Only the difference in geometric paths, which causes dif-
ferent dates of arrival, and the quality of the reflection make
it possible to differentiate the pulse received directly from
the pulse received by reflection when these received pulses
come from the same emission.

The pulses are received by the detector R during the
operating duration of the detector R.

Next, the location method comprises a step 110 for
measuring, by the detector R, the direction of arrival 8,, the
date of arrival t;, . . ., t, on the detector R and at least one
invariant characteristic CT1; of each received pulse.

In the embodiment illustrated in FIG. 7, the measuring
step 110 also comprises measuring the power p of each
received pulse.

The invariant characteristics CTL, of each pulse comprise
at least one of the features from among: the width of the
pulse, the carrier frequency of the pulse and the intentional
intra-pulse modulation.

The location method comprises a step 120 for dividing the
operating duration into time brackets At, with a same dura-
tion. The method also comprises defining a sliding duration
AT at least equal to the duration of a time bracket At,.

The duration of each time bracket At; is related to the
maximum illumination duration at 3 dB of the readers. For
example, the duration of each time bracket is comprised
between 10 milliseconds (ms) and 100 ms.

The location method advantageously comprises, for each
time bracket At;,, a step 130 for sorting pulses received
during the time bracket At,, based on the direction of arrival
8, and at least one invariant characteristic CTI, chosen from
among the measured invariant characteristic(s) of each
pulse. At the end of the sorting step 130, sub-series of pulses

(Tl p, B 12y,

are obtained.
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The pulses of each sub-series

U(CTL, p, B 1)y,

have equal directions of arrival 0,, equal invariant charac-
teristics CTI; and belong to the same time bracket At,. As a
result, each sub-series is characterized by a time bracket At,,
a direction of arrival 0, and at least one invariant charac-
teristic CTL.

The method comprises a step 140 for identification,
among the received pulses, of the pulses received directly
and the pulses received by reflection.

In the embodiment of FIG. 7, the identification step 140
comprises a phase for creating sets

(e,

Jx

{{z(cnjx, p 6yt ) Ot } )
Z A

Atlzl

of sub-series. The sub-series of each set

AHCTI, P, Oy 1, "')}Aw .

{{I(CTIJ-X, P, Oy 1, ...)}Arlz1 .

L

are taken over a same sliding duration AT, have equal
directions of arrival 0, and equal invariant characteristics
CTIL,

The identification step 140 also comprises, for each set

(e,

x>

{{z(cnjx, p 6.1 ) Ot ...}AT

Ar,
b1

of sub-series, a phase for determining the maximum power
from among the powers of the pulses of the considered set.
The identification step 140 further comprises, for each set

{{I(CTIjX,p,G)ky,t,...)} ,{I(Clex,p,G)ky,z,...)}mlz,...} .
Z AT

Arlzl

a phase for identifying pulses received directly and pulses
received by reflection.

The identification step 140 is for example carried out by
comparing the determined maximum power relative to two
thresholds.

In this case, when the determined maximum power for the
considered set

{{I(CTIJ-X, POty )} AICTL, p, Oyt "')}Aw E }
Z AT

Arlzl

is greater than or equal to a first threshold, the pulses of the
sub-series of the set are identified as received directly. The
sub-series of the corresponding set are then called direct
sub-series and denoted

U(CTL, py Bt Ny
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The first threshold is for example chosen based on the
radiated power of the sources E,. The radiated power of a
source (abbreviated EIRP) is the product of the power
injected in the antenna(s) of the source by the gain of said
antenna(s) of the source.

When the determined maximum power for the considered
set

{{I(CTIJ-X, [ S SRS 1 (o) PN S "')}m, X }
Z AT

A’lzl

is strictly less than a second threshold, the pulses of the
sub-series of the set are identified as received by reflection.
The sub-series of the corresponding set are then called
reflected sub-series and denoted {I(CTL, p, 05, t, . . . )} o, s-
The second threshold is less than or equal to the first
threshold. The second threshold is for example chosen based
on the radiated power of the sources E, and equivalent radar
surfaces of the reflectors S,.

The method further comprises a step 150 for grouping by
pair of direct sub-series

U(CTL, p, Bty

with reflect sub-series having the same invariant character-
istics

U(CTL, py Bt Dy

and different directions of arrival CTL.
The grouping step 150 comprises a phase for forming,
from previously formed sets

{{I(CTIJ-X, P, O, .1, "')}szl ANCTI . p, Oy 1, "')}A’lzz’ ...}AT,

extended sets of same invariant characteristics CTI, and
different directions of arrival 0,, comprising at least one
emitter and one reflector, or these extended sets:

{{I(CTIJ-X,

PO, "')}m, o HCTL . o)

Aty S }
11 ftpr” AT

{{I(CTIjX,p, G)kyz,t,...)}ml (et p. Gkﬂ’["”)}szzvS"”} ,
Z AT

2127

The grouping step 150 also comprises a phase for group-
ing, by pairs, direct sub-series with reflected sub-series. The
pulses of each pair have the same invariant characteristics
CTIL, different directions of arrival, and belong to a same
time bracket At,.

The grouping step 150 also comprises a step for gathering
pairs of each extended set to form groups of two pairs, three
pairs or four different pairs. The number of pairs per group
is equal to the number of different directions of arrival of the
pulses of the corresponding extended set.
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Each group groups together the pulses corresponding to
one of the four geometric configurations of FIGS. 2 to 5.

In particular, for the first configuration corresponding to
FIG. 2, the pulses come from two different directions of
arrival; as a result, groups of two different pairs of sub-series
are formed. Each group of two pairs comprises:

a first pair of sub-series

U{i(crr

Jx1?

(it 00 .1, “.)}Arlzl . Oty 1o "')}A’lzl's’

the pulses of which have invariant characteristics equal to a
first invariant characteristic (CTI, ) and different directions
of arrival (G)k » O ), and

a second palr of sub-series

{1{cT;

2> Ok

B, SUlier,. 0

Ar,zz,s »2? L )}

b Aty E
(Y

the pulses of which have invariant characteristics equal to
a second invariant characteristic (CT1, ) and have the
same different directions of arrival (€, , G)k ).

For the second configuration correspondlng to FIGS. 3
and 4, the pulses come from three different directions of
arrival; consequently, groups of three different pairs of
sub-series are formed. Each group of three pairs comprises:

a first pair of sub-series

{1{cT;

Jx1?

U{i(cti;

Jxl?

Oyt o)) Oyt o))

>
A’lzl E A’lzl .S

the pulses of which have invariant characteristics equal to
a first invariant characteristic (CTL, ) and which have
directions of arrival respectively equal to a first and
second direction of arrival (G)k , 0, ) different from
one another,

a second pair of sub-series

{1{cT;

Ix1”

O U{i(cri;

Ix1”

O

the pulses of which have invariant characteristics equal to
the first invariant characteristic (CTI, ) and directions
of arrival respectively equal to the Tirst and a third
direction of arrival (G)k » ), the third direction of
arrival being different from tfvle first and second direc-
tions of arrival, and

a third pair of sub-series

U{i(cti;

1713000001 )

Oyt o))

s
Arp g LU

the pulses of which have invariant characteristics equal to a
second invariant characteristic (CTI, ) different from the
first invariant characteristic and directions of arrival respec-
tively equal to the second and third directions of arrival
(©y,, O

For the third configuration corresponding to FIG. 5, the
pulses come from four different directions of arrival; as a
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result, groups of four different pairs of sub-series are formed.
Each group of four pairs comprises:
a first pair of sub-series

LA LC ML LTS

the pulses of which have invariant characteristics equal to a

first invariant characteristic (CTI; ) and which have direc-

tions of arrival respectively equal to a first and second

direction of arrival (G)k , G)k ), different from one another,
a second pair of sub’ “series

{1{cT;

Ix1”

U{i(crr;

Jx1°

s "')}m, e Oty 1 ...)}A’l
Z.

the pulses of which have invariant characteristics equal to
the first invariant characteristic (CTI, ) and directions of
arrival respectively equal to the first and a third direction of
arrival (0, » ©, ), the third direction of arrival being
different from thé first and second directions of arrival,

a third pair of sub-series

{I(CTIJXz’ ®ky2’ K '“)}A’lzyE U {I(CTIJXZ’

I ...)}ml 5
Z

the pulses of which have invariant characteristics equal to a
second invariant characteristic (CTIJ ,) different from the
first invariant characteristic and directions of arrival respec-
tively equal to the third and a fourth direction of arrival (G)k ,
0 , ,)» the fourth direction of arrival being different from the
ﬁrst second and third directions of arrival, and

a fourth pair of sub-series

{1eTn,. O, ’”')}A’lzer ul{i(ctr,,. 0y, ,...)}AM’S,

the pulses of which have invariant characteristics equal to
the second invariant characteristic (CT1, ) and directions of
arrival respectively equal to the third and dFourth directions of
arrival (0, , ©, ).

The method afso comprlses a step 160 for calculating, for
each pair of sub-series, the difference between the date of
arrival of the pulses received by reflection relative to the date
of arrival of the pulses received directly. Such differences in
dates of arrival result from differences in geometric paths
between the received direct pulses and the received reflected
pulses derived from the same emitted pulses.

The method further comprises a step 170 for determining
the distance d, of each source from E, the detector R from
calculated differences in dates of arrival of the pulses of each
pair.

The determination step 170 comprises a phase calculating
a histogram, for each pair, from differences in dates of
arrival calculated for said pair and determining a main lag
Ts, ik, from the pulses received by reflection relative to the
pulses received directly from the calculated histogram.

Each main lag Ts,E, is allocated to its pair

{1(cTiy,. 051, .. U{i(eriy,,

Mo Ot
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which can then be symbolically denoted as follows:
(CTL, 8, 6, Ay, T ).

Preferably, the determination step 170 also comprises a
phase for comparing values of each determined main lag
Ts, .k, relative to a range of reference values. The range of
reference values is for example chosen based on geometric
considerations, related to the the directions of arrival and
plausible distance hypotheses in the ranges of interest. The
range of reference values for example extends, broadly
speaking, between 1 microsecond (us) and 100 ps.

Advantageously, the second phase also comprises com-
paring the number of occurrences relative to each deter-
mined main lag Ts, ik, relative to a reference threshold. The
reference threshold is for example chosen based on a per-
centage of the number of direct pulses received for each pair.

During the second phase, the main lags Ts,E, whose
values are not comprised in the reference value range and for
which the number of occurrences is strictly below the
reference threshold, are eliminated.

The second phase therefore makes it possible to eliminate
aberrant values when the obtained main lag T /E,, is outside
the plausible value range and isolated and insignificant
values when the number of occurrences is below the refer-
ence threshold.

Then, the determining step 170 comprises a phase for
calculating the distance d, of each source E, from the detector
R, for each configuration, from calculated main lags Ts,E,
and directions of arrival of the pulses of each pair.

To that end, the resolution of the system of equations (5.1)
and (5.2) is done.

In particular, for the first configuration of FIG. 2, the two
pairs (CTL, , G)k , G)k At T/, ) and (CTL , G)k , G)k ,
Aty Ts VE, ,)of each group make it possrble to obtarn on the
one hand, “the bistatic distance Ag By CTs E,, and the dif-
ference in direction of arrival Oz s, eky n and, on the
other hand, the bistatic distance A S/ C‘ES VB, and the
difference in direction of arrival o 25 Ok,

These expressions of bistatic distances and drﬁerences in
direction of arrival are used to obtain the coeflicients of
equation system (6) given by expressions (9.1) and (9.2), or:

by = A2 (13.1)

Sy1/Ey2
by = -2A

12 Sy1/Ey2
b1z =2A

13 Sy1/Eyy

b14 = —2(1 - COS(D{Eyzsyl ))

and
— _A2
b= =83y (132)
by = _ZASyzlEyl

by =2A
23 Sy2/Eyy

b24 = 2(1 - COS(wal Sy2 ))

For the second configuration of FIG. 3, the three pairs
(CTL .6, , O, AtZsTsz/E ) (CTL . 6, , @ o AL Ts E )
and (CTI“, tl, Ts,yE, ,) of each group " make it
possible to obtarn

the bistatic distance Ag 5,0, CTs yE,, and the difference in

direction of arrival oz s, 9%, ,
the bistatic distance A SE,, C‘ES Y3l ’and the difference in
direction of arrival (xE S5 —6 ks and
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the bistatic distance Ag s,vE, CUs,yE, and the difference in
direction of arrival Ogys,s ekyz
These expressions of bistatic drstances and differences in
direction of arrival are used to obtain the coeflicients of

equation system (6) given by expressions (9.2) and (9.3), or:

by = ZASy3IEy1 ASy3lEy2(ASy3lEyl _ASy3lEy2) (13.3)
b =285 (ZASyS,Eyl ~ 45 e (1- cos(ozEyl 5,3 )
bis =245 (—2A5y3,5y2 +As (1- cos(wa25y3 )
by = 4Asy3,Ey1 (1 - cos(aEy25y3 )) - 4Asy3/Ey2 (1 - cos(ozEy1 Sy ))
and
b =87 p (13.2)

by = -2A

22 Syl Eyy
by =2A

23 Sy2lEyy

by = 2(1 - cos(ozEy1 Sy ))

For the second configuration of FIG. 4, the three pairs
(CTL , © . ®k At s'554/E ), (CTL, . ®k ®k At T, ' VE, 2)
and (CT 2 0, O, tl, Ts,E, ) of each group make it
possible to obtarn

the bistatic distance Ag /£, ~CTs, 4/51 and the difference in

direction of arrival Lh =bk,, -6, ,

the bistatic distance Ag sV, CTs, and the difference in

direction of arrival Qg s, ek ek , and

the bistatic distance Ag E, C‘ES VE,) and the difference in

direction of arrival Qs ~0r,=20; ,

These expressions of brstatrc distances and differences in
direction of arrival are used to obtain the coeflicients of
equation system (6) given by expressions (9.1) and (9.3), or:

_ A2

b =22 (13.1)
bz = _ZASyllEyz

b3 = ZASyllEyz

by = —2(1 - cos(ozEyzgyl ))
And

by = 2A5y4/Ey1 ASy4lEy2(ASy4/Ey1 _ASy4/Ey2) 134

_ ASy4lEy2(1 - COS(a/EylS}A)))

byy = 2A5y4/Ey1 (_2A5y4/Ey2 +ASy4/Ey1 (1- COS(wa25y4)))

b= ZASy4IEy2 (ZASy4IEy1

by = 4Asy4,Ey1 (1 - cos(aEy25y4 )) - 4ASy4/Ey2 (1 - cos(ozEy1 Sy ))

For the third configuration of FIG. 5, the four pairs (CTI
®k ®k AtZsTs /E, )s (CTL, ®k 0, sAtZs‘US}A/E ), (CTL
ko Pk Atﬂs /E, 2) and (Cszs ®k » O,
each group make it possible to obtain:
the bistatic distance Ag » =cTs and the difference in
3 'yl y3 Lyl
direction of arrival Qg s, ekyl "
the bistatic distance Ag » =CTs = and the difference in
'/ Eyy v/ Eyy
direction of arrival o 15,4 Ok~
the bistatic distance Ag » =cTs , and the difference in
SwEp T USE,
direction of arrival O s, 0k, 0k s and
the bistatic distance Ag /5, CUs,/E and the difference in
direction of arrival &45 .S, )
254

J 1°
T2’
) At ‘CS}A/EZ) of

kzzk
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These expressions of bistatic distances and differences in
direction of arrival are used to obtain the coeflicients of
equation system (6) given by expressions (9.3) and (9.4), or:

by = 2A5y3/5y1 'ASy3lEy2 (ASy3lEy1 _ASy3lEy2) (13.3)
by = ZASyS,Eyz (ZASyS,Eyl - Asy3,5y2 (1- cos(ozEyl 5 )
bz = ZAsyleyl (—ZASyS,EyZ + Asyleyl (1- cos(wa25y3 )
by = 4Asy3,Ey1 (1 - cos(aEy25y3 )) - 4Asy3,Ey2(1 - cos(ozEyl S, ))
and
by = 2A5y4/Ey1 'ASy4lEy2 (ASy4lEy1 _ASy4/Ey2) (134)

b =285 i, (2A5y4,5y1 ~8s ik, (1 —cos(ar,s,4)))
by = 2A5y4/Ey1 (_ZASy4IEy2 +ASy4/Ey1 (1- COS(wa25y4)))

by = 4Asy4,Ey1 (1 - cos(wa25y4)) - 4Asy4,Ey2(1 - cos(ozEyl Sy ))

The distance d,; from the second source B, to the detector
R is given by expression (12), the coefficients of which are
those of expressions (11.2), (11.3) and (11.4), corresponding
to the values of the b, previously obtained (13.1), (13.2),
(13.3) or (13.4) depending on the configurations.

The distance d,,, from the first source E, to the detector R
is given by expression (10).

The distance RS ; from the first reflector S ; to the
detector R is given by expression (3); one therefore obtains:

2
ASySIEyZ + ZASnyyz'dyZ (14)

RS,3 =
3 ZASySIEyZ + Zdyz(l - cos(aEy25y3 ))

The distance RS, from the second reflector S, to the

w

15

20

25

30

detector R is given by expression (3); one therefore obtains: 40

2
A% e,y + 25 yr o (15

2A5y4/5y2 + 2dy2(1 - COS(“Ey25y4))

RSy =

The described method therefore makes it possible to
locate sources K, . . ., E, from a single quasi-static detector
relative to the sources to be located. Such a method also
allows the localization of reflectors located in the environ-
ment of the sources to be located.

More specifically, such a method makes it possible to
locate two sources in an environment comprising at least

said sources and two reflectors irrespective of the configu- 3

ration of the sources and reflectors on the sole condition that
the reflectors are not co-located relative to one another and
the sources are not co-located relative to one another.

The method proposes to solve a single system of equa-
tions for all possible configurations with coefficients specific
to each of said configurations.

The location of the sources is based solely on measure-
ments of directions of arrival and dates of arrival of the radar
pulses coming directly from emitters and indirectly from the
latter via reflections on reflective physical objects of the
environment.

45

60
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The invention claimed is:

1. A method for locating at least two sources emitting
electromagnetic pulses in an environment, the environment
comprising at least two reflectors, the method comprising:

receiving, by a detector, for each source to be located, for

an operating duration of the detector, at least one same
emitted pulse, received on the one hand directly from
said source and received on the other hand by reflection
on one of the reflectors;

measuring, by the detector, a direction of arrival, a date of

arrival and at least one invariant characteristic of each
received pulse;
identifying, among the received pulses, the pulses
received directly and the pulses received by reflection;

grouping by pairs of pulses received directly with pulses
received by reflection, the pulses of each pair having
the same invariant characteristics and different direc-
tions of arrival,

calculating, for each pair, a difference between the date of

arrival of the pulse received by reflection relative to the
date of arrival of the pulse received directly; and
determining a distance of each source from the detector
from calculated differences in dates of arrival and from
the directions of arrival of the pulses of each pair.

2. The method according to claim 1, wherein the method
duration is comprised of time brackets with identical dura-
tions, the method comprising defining a sliding duration at
least equal to duration of a time bracket, said identification
and said grouping being carried out over the sliding dura-
tion, the pulses of each pair belonging to a same time
bracket.

3. The method according to claim 2, further comprising,
for each time bracket, sorting the received pulses based on
the direction of arrival and on the invariant characteristics of
each pulse to obtain sub-series of pulses, the pulses of each
sub-series having equal directions of arrival and equal
invariant characteristics, the pulses of each sub-series being
grouped together in a same pair during said grouping.

4. The method according to claim 3, wherein said mea-
suring comprises determining, on the successive sub-series
of each sliding duration, of a maximum power from among
the powers of the pulses of the sub-series having equal
directions of arrival, equal invariant characteristics and
belonging to a same sliding duration, the pulses received
directly and the pulses received by reflection being identi-
fied, for each sub-series of pulses, by comparing the maxi-
mum power determined for the sub-series to at least two
thresholds.

5. The method according to claim 4, wherein the pulses of
the sub-series associated with the maximum power are
identified as received directly when the maximum power is
greater than or equal to a first threshold and the pulses of the
sub-series associated with the maximum power are identi-

5 fied as received by reflection when the maximum power is

strictly below a second threshold, the second threshold being
less than or equal to the first threshold.

6. The method according to claim 1, wherein said deter-
mining the distance comprises gathering pairs over prede-
termined durations to form groups of two pairs, three pairs
or four pairs, the number of pairs per group being equal to
the number of different directions of arrival corresponding to
the pulses received over a predetermined duration, the
distance from each source to the detector being determined
from differences in dates of arrival calculated for the pairs of
each group and from the directions of arrival of the pulses
of the pairs of each group,
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each group of two pairs comprising:
a first pair of pulses of invariant characteristics equal to
a first invariant characteristic, of different directions
of arrival; and

a second pair of pulses of invariant characteristics equal
to a second invariant characteristic and with same
different directions of arrival;

each group of three pairs comprising:
a first pair of pulses of invariant characteristics equal to
a first invariant characteristic, with directions of

arrival respectively equal to a first and second direc-
tion of arrival different from one another;

a second pair of pulses of invariant characteristics equal
to the first invariant characteristic, with directions of
arrival respectively equal to the first and a third
direction of arrival, the third direction of arrival
being different from the first and second directions of
arrival; and

a third pair of pulses of invariant characteristics equal
to a second invariant characteristic different from the
first invariant characteristic, with directions of
arrival respectively equal to the second and third
directions of arrival; and

each group of four pairs comprising:
a first pair of pulses of invariant characteristics equal to
a first invariant characteristic, with directions of

arrival respectively equal to a first and second direc-
tion of arrival different from one another;

a second pair of pulses of invariant characteristics equal
to the first invariant characteristic, with directions of
arrival respectively equal to the first and a third
direction of arrival, the third direction of arrival
being different from the first and second directions of
arrival;

a third pair of pulses of invariant characteristics equal
to a second invariant characteristic different from the
first invariant characteristic, with directions of
arrival respectively equal to the third and a fourth
direction of arrival, the fourth direction of arrival
being different from the first, second and third direc-
tions of arrival; and

a fourth pair of pulses of invariant characteristics equal
to the second invariant characteristic, with directions
of arrival respectively equal to the third and fourth
directions of arrival.

7. The method according to claim 6, wherein each group
makes it possible to determine the respective distances of
two of the sources to be located from the detector, said
distances being calculated:

for each group of two pairs of pulses, from the following

equations:
2
g = A5 g, +2As18,
' 24 g, +2d2(1 - cos(an,s, )
2
A, g, + 2,5 i

dy =

2A52,E1 +2d,(1 - cos(a@, 5,))
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for each group of three pairs of pulses, from the following
equations:

A2 42A¢ - d Al
S|IE] S/Ep "L S1/Ey

28 5, +2di(L—coslag s) | 2Ag .+ 2d(1 - coslaz,s, )

+2Ag i

2
A g, g5 A

T 2y p, + 2411 - coslaz, s,))

d

or
2
A5 g, +2As, 18, 2

dy =
T 0Ag g, + 2 (1= coslazys) )

2 2
AL g 4205 AL o+ 20

2A52,E1 +2d,(1 - cos(a@, 5,)) - 2A52,E2 +2d,(1 — cos(@g, s, )

for each group of four pairs of pulses, from the following
equations:

2 2
A5 g, + 288,41 A5,

ZASIIEI +2d,(1 - cos(ag, s, ) - ZASIIEZ +2dy(1 = cos(@g,s; )

+2Ag g,

A2 42A d A?
SHIE| SplEy 4L SplEp

28, x, + 241 (1 - cos(ag, 5,) = 24,5, + 2 (1 = coslar,s, )

+24gp, o

where
A5, =C s 12D sy =C Ty By Ds By =C s sy
E =CTsyEp
d, is the distance from the first source E, to the detector,
d, is the distance from the second source E, to the detector,
¢ is the propagation speed of the electromagnetic waves,
TsyE, is the difference in date of arrival among the pulses
received by reflection on a first reflector relative to the pulses
received directly from the first source,
Tsyg, is the difference in date of arrival among the pulses
received by reflection on a second reflector relative to the
pulses received directly from the second source,
Tsys, 15 the difference in date of arrival among the pulses
2 . :
received by reflection on the first reflector relative to the
pulses received directly from the second source,
TsyE, is the difference in date of arrival among the pulses
received by reflection on the second reflector relative to the
pulses received directly from the first source,
0,5, 1s the angular deviation between the second source and
the second reflector seen from the detector,
Oy, /s, 1s the angular deviation between the first source and
the first reflector seen from the detector,
0,5, 18 the angular deviation between the second source and
the first reflector seen from the detector, and
0., /s, 18 the angular deviation between the second source and
the first reflector seen from the detector.

8. The method according to claim 7, wherein said deter-
mining the distance comprises calculating a histogram, for
each pair, from differences in dates of arrival calculated for
the pair and determining a main lag of the pulses received by
reflection relative to the pulses received directly from the
calculated histogram, the differences in date of arrival of the
equations of claim 7 respectively being equal to one of the
determined main lags.

9. The method according to claim 8, wherein the invariant
characteristics of each pulse comprise at least one of the
features from among: a width of the pulse, a carrier fre-
quency of the pulse, and an intentional intra-pulse modula-
tion.
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10. A detector for locating at least two electromagnetic
pulse emission sources in an environment, the environment
comprising at least two reflectors, the detector being able to
carry out the method according to claim 1.
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